the treatment of 12 consecutive patients at a single tertiary care cancer center during the period from 1999 to 2013.
methods patient population
The Wake Forest Baptist Health Institutional Review Board approved this study. The Department of Radiation Oncology Gamma Knife Tumor Registry at Wake Forest Baptist Health was searched for all patients with NF2 who had undergone GKRS for meningioma between January 1, 1999, and September 19, 2013. Patient outcomes were determined using the patients' electronic medical records.
gamma Knife procedure
After patient evaluation by a neurosurgeon and radiation oncologist, informed consent for GKRS is obtained. A 4-pin Leksell stereotactic head frame is placed after applying a local anesthetic. The patient then undergoes highresolution contrast-enhanced stereotactic MRI. Radiosurgery treatment plans are generated using the Leksell GammaPlan system (Elekta AB) and executed using a Leksell model B or C Gamma Knife or Perfexion unit (Elekta AB).
At our institution, the indications for treating meningiomas in patients with NF2 are 1) symptoms from a particular meningioma and/or 2) documented lesion growth. In general, only symptomatic or growing meningiomas are treated during a radiosurgery session. Patients treated with GKRS exhibited evidence of multiple progressive lesions; therefore, resection was a less attractive treatment option since it would require multiple craniotomies.
patient Follow-up
Follow-up clinic visits and MRI examinations are typically conducted 3-6 months after GKRS treatment and then yearly thereafter. Local treatment failure is defined as tumor recurrence within the prescription volume or within 2 cm of the tumor margin on MRI, as described by Attia et al. 2 This definition of local failure for meningioma is used because the relevance of fractionated radiation margins of up to 2 cm has been described for meningioma. Local failure is further differentiated as either central or marginal. Central failure is defined as recurrence within the treatment volume, whereas marginal failure is defined as recurrence within 2 cm of the treatment volume.
14 Distant treatment failure is defined as the development of a new tumor more than 2 cm from the prescription isodose line. In cases with significant disease progression after GKRS treatment, additional stereotactic radiosurgery is often offered. Times to local and distant failure were recorded.
Toxicity grades were assessed using criteria from the Common Terminology Criteria for Adverse Events (version 4.0, http://evs.nci.nih.gov/ftp1/CTCAE/About.html).
Time to death was also recorded if applicable. Death was queried in the Social Security Death Index. Cause of death was determined to be neurological or nonneurological, if possible. Neurological death was defined as stable systemic disease and progressive neurological dysfunction or as simultaneously advancing systemic and neurological dysfunction. 13 
statistical analysis
Descriptive analyses of continuous data are described using the mean and median in the case of normal and nonnormal distributions, respectively, whereas categorical data are described as frequencies. Median follow-up was calculated at the time of data collection for those patients who had not yet died. All time-to-event data were calculated from the time of initial GKRS treatment and are described with Kaplan-Meier plots. Overall survival, local tumor control, and distant tumor control are compared across strata using the log-rank test. Because the majority of meningiomas in this series were WHO Grade I, local and distant tumor control were graphed against and compared with control data for sporadic WHO Grade I meningiomas. 12 Univariate analysis was first performed to identify potential factors associated with distant failure. Only variables with a p value ≤ 0.2 were entered into the multivariate model. A backward stepwise selection method was used to build a multivariate Cox proportional hazards model on a per-tumor basis to determine predictors of distant failure. The multivariate model was built by a priori consideration of the factors for which data were gathered. All computations were performed using SAS version 9.2 (SAS Institute Inc.) and Microsoft Excel 2013.
results
Among the 12 patients who met the search criteria, 125 tumors were identified, 87 (70%) of which were treated with 24 GKRS procedures in the defined study period. The median number of meningiomas treated during the first GKRS session was 3.5 (interquartile range [IQR] 2.8-5.3). Seven patients (58%) had only 1 GKRS procedure, whereas 5 patients (42%) had multiple procedures. The median prescription dose prescribed to the margin of the enhancing tumor was 12 Gy (IQR 12-14 Gy). Individual patient demographics, tumor characteristics, and GKRS characteristics appear in Table 1 . The relevant descriptive statistics are summarized in Table 2 .
treatment
Gamma Knife radiosurgery treatments were indicated for symptomatic lesions in 4 patients. Symptoms in these patients included 1) increasing gait instability; 2) headaches; 3) seizures, personality changes, increased headaches, nausea, and vomiting; and 4) headaches and gait instability. Two of these patients' symptoms improved with GKRS. The status of the symptoms of the other 2 patients was unknown after GKRS. The remaining 20 treatments were indicated for progressive, asymptomatic meningiomas.
On repeat GKRS, 48 tumors were treated. Of these, 17 (35%) were new tumors, 26 (54%) were old tumors, and 5 (10%) were unknown.
survival data
At the time of our analysis, 4 patients (33%) had died and 8 (67%) were alive. As seen in Fig. 1 , survival rates at 5 years and 10 years were 100% and 44%, respectively. Median overall survival was 110 months (IQR 94-125 months). For surviving patients, the overall median time from initial GKRS treatment to the last follow-up was 43 months (IQR 34-110 months). All patients who died had a neurological death due to progressive meningiomas. Median age at the time of death was 39 years (IQR 37-46 years). The median time to neurological death from initial GKRS treatment was 103 months (IQR 93-115 months). The cases of the 4 patients who died accounted for 45% of all tumors, 55% of all treated tumors, and 58% of all GKRS treatments. One patient died because of brainstem compression from a previously treated meningioma. A second patient died because of compression from a previously treated meningioma causing venous congestion, which subsequently led to an infarct. Specific details about the cause of death were unknown in the other 2 patients, although progressive meningiomatosis led to a worsened performance status and ultimately hospice placement for both.
patterns of Failure
Local treatment failure occurred in 4 (5%) of 87 treated tumors from 3 GKRS treatments in 3 patients after GKRS: 3 tumors centrally within the prescription volume and 1 tumor marginally within 2 cm of the prescription volume. Patients in these cases had a median time to local treatment failure of 43 months (IQR 38-48 months). The tumor with marginal failure was treated with resection. Two of the 3 tumors with central failure were treated using resection, and the third tumor was treated with repeat GKRS. Local tumor control was defined as the absence of either central or marginal tumor progression. The local tumor control rates were 100%, 98%, and 92% at 1, 3, and 5 years, respectively. Figure 2 shows the Kaplan-Meier curve for local control of NF2-associated meningiomas compared with that for sporadic WHO Grade I meningiomas. Local control at 5 years was 92% and 88%, respectively. The difference was significant using the log-rank test (p < 0.001).
Sixteen (67%) of 24 treatments resulted in distant failure. Patients in these cases had a median time of 14 months (IQR 9-23 months) to distant treatment failure. The distant failure rates were 26%, 53%, 77%, and 77% at 1, 2, 5, and 10 years, respectively. Eight of 16 distant failures were eventually treated with repeat GKRS, and the other 8 instances of distant treatment failure were monitored only. Figure 3 shows the Kaplan-Meier curve for distant failure for NF2-associated meningiomas compared with that for sporadic Grade I meningiomas. Distant control at 5 years was 23% for NF2 and 90% for sporadic Grade I. The difference was significant using the log-rank test (p < 0.001).
predictors of distant Failure
Univariate analysis revealed several predictive variables for distant failure, including male sex (HR 0.28, 95% CI 0.086-0.92, p = 0.036), age at distant failure (HR 0.92, 95% CI 0.90-0.95, p < 0.0001), and prior number of GKRS treatments (HR 1.2, 95% CI 1.1-1.4, p = 0.0049; Table 3 ). Local failure, maximum dimension of the treated tumor, tumor margin dose delivered, and WHO grade were not significant.
On multivariate analysis, age at distant failure (HR 0.91, 95% CI 0.88-0.95, p < 0.0001) and prior number of GKRSs (HR 1.3, 95% CI 1.1-1.5, p = 0.004; Table 4 ) remained significant.
malignant transformation
There was no malignant transformation of benign tumors in any of the patients following GKRS treatment.
toxicity
Six (25%) of the 24 treatments resulted in adverse toxicity events. The median time to onset of toxicity was 4.3 months (IQR 1-9 months). Three patients experienced untreated alopecia (Grade 1); 1 patient, untreated fatigue (Grade 1); 1 patient, somnolence due to increased cerebral edema treated with steroids (Grade 2); and 1 patient, seizures treated with phenytoin (Grade 2). Only 1 patient had toxicity-associated adverse changes on MRI with and without contrast. The patient experiencing somnolence had increased edema of the right temporal lobe with mass effect. None of the patients had contrast changes consistent with radiation necrosis.
adjunctive treatment
Two patients underwent resection of tumors initially treated with GKRS. Two patients underwent repeat GKRS 
Fig. 2. Kaplan-Meier curve for local control of NF2-associated tumors
as compared with sporadic WHO Grade I meningiomas. Local control at 5 years was 92% for NF2 and 88% for sporadic Grade I. The differences were significant using the log-rank test (p < 0.001). Ninety-three tumors were analyzed given that 6 of the 87 were treated twice with GKRS. 
discussion
Treatment options for NF2-associated intracranial meningiomas include conservative observation, surgery, radiation, and chemotherapy. The optimal type and timing of treatment has not yet been determined, as the natural history of the tumors has only recently been described. Dirks et al. were the first to examine long-term growth patterns, new tumor development, and clinical characteristics of NF2-associated meningiomas. 5 The lesions in their study displayed substantial variability in growth rate and pattern, even among tumors within the same patient. 5 The majority of meningiomas exhibited saltatory growth patterns with a strong correlation between periods of quiescence and a longer duration of follow-up. 5 These periods of quiescence have significant implications for clinical management, timing of interventions, and evaluation of the efficacy of therapeutic interventions.
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One of the controversies surrounding the radiotherapeutic management of patients with NF2 is the concern about the possibility of malignant transformation of the treated tumor. In a comparison of patient cohorts that did not and did receive radiotherapy (including radiosurgery), it was estimated that 5% of the patients who had undergone radiosurgery developed radiation-associated malignant transformation. 3 It is notable, however, that most of the cases of malignant transformation postradiosurgery consisted of the development of malignant peripheral nerve sheath tumor after the treatment of vestibular schwannoma. In the current series, there were no cases of malignant transformation.
Median age at the time of the first GKRS treatment in our study was 31 years, which is much younger than the median age of 57 years in those undergoing sporadic meningioma radiosurgery. 15 The indications for treatment at our institution included symptoms caused by a lesion or imaging-documented progression in lesion size. Most of the meningiomas were symptomatic or had progressed, requiring GKRS treatment; 13 however, 38 tumors remained asymptomatic or stable in size and thus did not require treatment. These tumors may be temporarily quiescent and eventually require resection or radiosurgery. Additional radiosurgery was indicated due to newly symptomatic or progressive tumors in 5 patients (42%), compared with the 3%-4% rate seen in sporadic meningiomas (both benign and malignant). 10, 15 Two patients had previously treated but progressive tumors (n = 6) that were retreated with GKRS. Not surprisingly, the average time to the next treatment in patients with NF2 was shorter at 38 months, compared with an average of 49 months in patients with sporadic meningiomas. 10 A single patient (8.3%) required resection of 3 WHO Grade I tumors following GKRS treatment, 2 of which had failed centrally.
A number of studies have looked at radiosurgery for benign sporadic meningioma and reported high tumor control rates ranging from 93% to 96% at 5 years. 7, 9, 17 However, atypical and malignant histology have been reported in 29% and 6% of surgical NF2-associated meningioma specimens, respectively. 8 Higher-grade meningiomas are known to have a higher rate of local treatment failure after radiosurgery. 2 We found the local tumor control rate to be similar to that for benign meningiomas, 92% at 5 years, although our sample size was small. More specifically, we found that local control of NF2-associated meningiomas was similar to that of sporadic Grade I meningiomas.
Seven (58%) of 12 patients demonstrated new tumors that had not been present on initial MRI, which is similar to the rate of 65% cited in previous studies looking at the natural history of NF2-associated meningiomas. 5 The distant control rate was significantly lower than that for sporadic Grade I meningiomas. Male sex, which is a risk factor for treatment failure in sporadic meningiomas, 12 was associated with a lower rate of distant failure in NF2. Increasing age was associated with a lower rate of distant failure as well, and this may be attributable to the fact that patients are censored by their own death and have less time during which they are at risk for distant failure. Additionally, this finding is consistent with the fact that a younger age at presentation with NF2 is associated with poorer outcomes. Given the disease characteristics and natural history of NF2, it is not surprising that an increasing number of prior GKRSs was predictive of distant treatment failure. Given the higher rate of high-grade meningiomas in the NF2 population, it may be prudent to consider higher dosing to the tumor to treat for a presumably higher-grade tumor. This practice has been used successfully in other clinical scenarios, such as radiation-induced tumors, in which the likelihood that a meningioma is a higher-grade tumor is greater.
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While 6 patients (50%) suffered toxicity following GKRS, the majority of symptoms were mild, categorized as Grade 1, and did not have accompanying adverse changes on MRI. Additionally, toxicities occurred in 25% of all GKRS treatments.
Four (33%) of our patients died at a median age of 39 years. These 4 patients accounted for 45% of all tumors, 55% of the treated tumors, and 58% of all GKRS treatments. Of note, all patients with central failure eventually died, with a median time of 36 months from failure to death. All causes of death were categorized as neurological death, typically due to tumor compression of the brain. Interestingly, in 1 patient, the compression caused venous congestion, leading to cerebral infarcts and causing death. Our results are consistent with what has been reported in the scientific literature, as patients with NF2 (diagnosed prior to the era of genetic testing) generally have a life expectancy of 15 years from the time of diagnosis. 6 As expected, the nature of NF2 predisposes patients to treatment at a younger age, a greater need for additional treatment, and a shorter time to the next treatment. Given the large tumor burden that these patients can develop and the saltatory growth patterns of the meningiomas, resection of growing tumors in the absence of symptoms may not be indicated. 13 Radiosurgery may be an alternative in these cases, as it has high tumor control rates and limited toxicity. Its use, however, may need to be weighed against the theoretical risk of malignant transformation, such that radiosurgery may be best used in cases of persistent or significant growth or symptomatic tumors.
There are several limitations to this study. Because NF2-associated tumors have been shown to have periods of quiescence, 5 a major limitation of this study is the relatively short follow-up period. Although our median follow-up of 43 months is longer than the average quiescent period of 29 months, as described by Dirks et al., 5 the follow-up period may still be too short to observe any malignant progression. Another limitation is the small number of patients and tumors, making generalization difficult. The 4 instances of marginal and central failure were insufficient for statistical analysis. Because all patients were treated at a single institution, our findings may not be generalizable to other populations. As a tertiary referral center, it is also possible that patients with more aggressive disease were referred to us, resulting in a selection bias.
Finally, the study may be limited by potential changes in the treatment algorithm over the interval of the study. In the past decade, the treatment dose for meningioma has decreased from 16 Gy to about 12 Gy. 12 Another change is the emergence of bevacizumab for acoustic schwannoma in NF2, although none of our patients were placed on bevacizumab. Lastly, we may be more willing now to treat patients with NF2, compared with a decade ago. A long-term prospective trial would be the optimal means of determining tumor control rates and malignant transformation rates after treatment with radiosurgery.
conclusions
Radiosurgery represents a feasible modality for NF2-associated meningiomas. Increasing age was associated with a decreased rate of distant failure, whereas a greater number of GKRS treatments was predictive of distant failure. Further studies are necessary to determine the longterm patterns of failure in these patients.
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